We review wall-bounded turbulent flows, particularly high-Reynolds number, zero-pressure gradient boundary layers, and fully developed pipe and channel flows. It is apparent that the approach to an asymptotically highReynolds number state is slow, but at a sufficiently high Reynolds number the log law remains a fundamental part of the mean flow description. With regard to the coherent motions, very-large-scale motions or superstructures exist at all Reynolds numbers, but they become increasingly important with Reynolds number in terms of their energy content and their interaction with the smaller scales near the wall. There is accumulating evidence that certain features are flow specific, such as the constants in the log law and the behavior of the very large scales and their interaction with the large scales (consisting of vortex packets). Moreover, the refined attached-eddy hypothesis continues to provide an important theoretical framework for the structure of wall-bounded turbulent flows. 
INTRODUCTION
We review Reynolds number effects on wall-bounded turbulent flows, with a particular emphasis on high-Reynolds number flows. The subject of wall-bounded turbulence has a distinguished history, and it is not surprising that it has been the topic of a number of reviews, notably Cantwell (1981) and Robinson (1991) on the structure of the organized motions and Panton (2001) on the mechanisms by which wall turbulence sustains itself. Detailed discussions on the turbulence statistics are given in the reviews by Gad-el Hak & Bandyopadhyay (1994) , Fernholz & Finley (1996) , and Klewicki (2010) . A number of collections specializing in this area have also appeared relatively recently, including Walker (1991) , Panton (1997) , Donnelly & Sreenivasan (1998) , . We also note Marusic et al. (2010c) , who summarized the outcomes of a series of workshops on the effects of Reynolds number held between 2003 and 2008. It is an opportune time to build on this work, and review our current understanding of highReynolds number turbulent flows. Barenblatt (1993) and Barenblatt et al. (1997) triggered one of the major controversies in recent times regarding wall-bounded turbulent flows when they suggested that power laws provide a more accurate description for the mean velocity profile than the classical wall/wake formulation first advanced by Coles (1956) (see the sidebar Law of the Wall/Law of the Wake). The controversy had the fortunate effect of stimulating a great deal of new work. Innovative experiments have proliferated with the availability of new laboratory facilities capable of generating high-Reynolds number flows, including the Princeton Superpipe (Zagarola & Smits 1998) , the Minimum Turbulence Level wind tunnel at KTH (Österlund 1999) , the National Diagnostic Facility at the Illinois Institute of Technology (Hites 1997) , and the High Reynolds Number Boundary Layer Wind Tunnel at Melbourne University (Nickels et al. 2007 ). Since about 1997, the Surface Layer Turbulence and Environmental Science Test facility in Utah (Metzger 2002) has provided high-quality data in the atmospheric boundary layer (ABL), which has been invaluable for studying the behavior at Reynolds numbers one or two orders of magnitude larger than what is possible in the laboratory. Also, new scaling arguments have been advanced by George & Castillo (1997) , DeGraaff & Eaton (2000) , Wei et al. (2005) , Monkewitz et al. (2007) , and Panton (2007) , for example, which have led to much debate within the community. In addition, direct numerical simulations (DNS) of channel flows up to Re τ = 2,003 (Re h ≈ 90 × 10 3 ) are now available (Hoyas & Jiménez 2006 ), compared with 180 in 1987 (Kim et al. 1987) , and recent work by has pushed DNS of spatially developing boundary layers to Re θ = 4,300 (Re τ ≈ 1,300). Here, Re τ = hu τ /ν, where h is the half-channel width, u τ is the friction velocity, and ν is the fluid kinematic viscosity. For pipes and boundary layers, we use the pipe radius R or the boundary-layer thickness δ instead of h in the definition of Re τ . Also, Re θ = θU e /ν, where θ
LAW OF THE WALL/LAW OF THE WAKE
In Coles's (1956) description, the velocity profile outside the viscous-dominated near-wall region is described as the sum of a logarithmic part and a wake component, so that the variation of the mean velocity U with distance from the wall y is described by
where u τ is the friction velocity, ν is the fluid kinematic viscosity, δ is the boundary-layer thickness, W is the wake function, and is the wake factor. Here, B and κ are constants, called the additive constant and von Kármán's constant, respectively. is the momentum thickness and U e is the free-stream velocity, and Re D = 2R U /ν, where U is the area-averaged or bulk velocity.
As shown below, these investigations have provided fresh insights into the high-Reynolds number behavior of the mean flow, the scaling of the turbulence statistics, and the evolution of the spectra, and they have uncovered a new class of organized motions that are many times larger than the characteristic dimension of the flow, as well as revealed previously unsuspected connections among the different types of organized motions. Most interesting, perhaps, is the growing appreciation that pipe, channel, and boundary-layer flows may behave differently in important aspects, such as the slope of the logarithmic velocity variation, the scaling of the nearwall turbulence, and the nature of the largest scales.
Here, we confine our discussion to canonical incompressible flows: zero-pressure gradient boundary layers and fully developed pipe and channel flows. We begin with a review of what we currently understand by the description of a high Reynolds number, followed by a description of new aspects of the mean flow behavior and the current view of the structure of wall-bounded turbulence and its relation to the scaling of the turbulence statistics. We then summarize the aspects of turbulent flow that do not appear to be specific to or dependent on Reynolds number, examine the continued utility of the attached-eddy hypothesis, and attempt to delineate the prospects for future progress as new facilities, computers, and diagnostic tools become available.
HIGH REYNOLDS NUMBER
What are high-Reynolds number flows, and how are they different from low-Reynolds number flows? These are important questions because the vast majority of previous experiments in wall turbulence, and unavoidably all DNS, have been performed at low to moderate Reynolds numbers. In many cases, the focus on low Reynolds number has been deliberate as experimentally this provides a physically thick viscous near-wall region, which makes it easier to study the coherent near-wall streaky motions. A number of proposed drag-reduction strategies are based on the manipulation of these near-wall events, and many theories are based on the premise that the nearwall structures propagate and self-sustain without the need for an external trigger [e.g., see the review by Panton (2001) ]. Such autonomous views are emphasized in the influential low-Reynolds number simulations by Jiménez & Pinelli (1999) and Schoppa & Hussain (2002) .
The focus on low Reynolds number is also often justified by the fact that the peak kinetic energy production occurs within the viscous buffer layer, at a wall-normal distance y + of approximately 12. It is important to note, however, that at high Reynolds numbers the major contribution to the bulk turbulence production comes from the logarithmic region. This is highlighted in Figure 1a , which shows the production term with a logarithmic abscissa, as is traditionally done. This representation tends to obscure the contribution to the bulk production. Figure 1b instead shows the production in premultiplied form, where equal areas represent equal contributions to the total production. It is immediately clear that, whereas the main contribution to the bulk production comes from the near-wall region at low Reynolds numbers, the logarithmic region dominates at sufficiently high Reynolds numbers. The cross-over at which the contribution from the log region is equal to that from the near-wall region (taken nominally to be y + ≤ 30) is estimated to occur at Re τ ≈ 4,200. A high-Reynolds number flow is defined by a sufficient separation of scales, but what is sufficient will depend on the flow under consideration and the purpose at hand. For wall turbulence, there are three primary length scales: the viscous length scale ν/u τ , the Kolmogorov scale η, and the boundary-layer thickness δ (or equivalently the pipe radius or channel half-height). In the classical log-law description for the mean flow, one may define a high Reynolds number as one in which an appreciable length of logarithmic behavior is observed. This leads to a range of estimates depending Turbulence kinetic energy production for a range of Reynolds numbers: (a) semi-logarithmic representation and (b) premultiplied representation (where equal areas represent equal contributions to the total production). The insert shows an expanded view of outer region. Here P = −uv + dU + /d y + is estimated using the law of wall-wake formulation for mean velocity for zero-pressure gradient boundary layers and the corresponding Reynolds shear stress profile as given by Perry et al. (2002) . Figure taken from Marusic et al. (2010a) . Reprinted with permission from Elsevier.
on where the log region is supposed to begin. It is clear now that the viscous influence on the mean velocity profile extends considerably further from the wall than previously understood. It had been commonly accepted that the effects of viscosity did not extend beyond y + ≈ 30-50, but Zagarola & Smits (1998) found that for turbulent pipe flow, the profile followed a (Reynolds numberindependent) power-law behavior for 60 < y + < 500, and the profile did not begin to follow a logarithmic variation until y + ≥ 600. A similar behavior has been observed for boundary layers, with a lower bound on the log law of approximately y + = 200 , Sreenivasan & Sahay 1997 . The important implication is that, to observe a logarithmic velocity variation in the velocity profile (e.g., a decade in y + ), the classical estimates of 30ν/u τ < y < 0.15δ require Re τ > 2,000, whereas those of Nagib et al. (2007) (200ν/u τ < y < 0.15δ) require Re τ > 13,300 and those of Zagarola & Smits (1998) (600ν/u τ < y < 0.12δ) require Re τ > 50,000.
Another criterion used in the past for so-called high-Reynolds number boundary layers is based on the momentum thickness. For example, Coles (1962) found that the wake factor increased with Reynolds number to a maximum in the region of Re θ = 6,000 and then decreased until Re θ ≈ 15,000, beyond which it appeared to attain a constant value slightly larger than 0.4. The maximum point corresponds to Re τ ≈ 2,400, which is in line with having a logarithmic variation for 30ν/u τ < y < 0.15δ. The comparable pipe Reynolds number for where the wake factor becomes constant is Re D = 400 × 10 3 , in apparent agreement with the estimate by McKeon & Morrison (2007) for high-Reynolds number pipe flow.
All these estimates are based on the classical overlap of the inner and outer region and do not necessarily point to any specific changes that may occur in the coherent motions or the underlying physics as the Reynolds number increases. At any Reynolds number, the range of eddy scales found in wall turbulence is nominally from 12η to 30δ, where the smallest scale corresponds to the diameter of the filamentary (or worm-like) vortex structures (Stanislas et al. 2008) , and the largest scale corresponds to the streamwise extent of the very-large-scale motions (VLSMs) that have been observed in pipes (Kim & Adrian 1999 ). It is instructive to consider this range of scales using spectra, as shown in Figure 2 at y + ≈ 100. Here, k x is the streamwise wave number. The u spectra are premultiplied so that on this semilogarithmic plot the area under the curve for k x φ uu is u 2 , and the area under the curve for k Streamwise u spectra at y + ≈ 100 from direct numerical simulations (DNS) of channel flow at Re τ = 395 (Moser et al. 1999) and 950 (delÁlamo et al. 2004) and turbulent boundary layer experiments at Re τ = 2,800 and 19,000 (Mathis et al. 2009a) . For all cases η + ≈ 2.8. Here, the area under k x φ uu is u 2 , and the area under k 3 x φ uu is proportional to an estimate of ε, the turbulent dissipation rate. The differences between the DNS and experimental k 3 x φ uu curves likely result from the limited spatial resolution of the experimental data, as the expectation is that this part of the spectrum is independent of Reynolds number.
contributing to u 2 and those contributing to the dissipation, and the separation emerges only slowly with increasing Reynolds number. Although the dissipation rate was estimated using the assumption of small-scale isotropy, which is known to underestimate the true dissipation rate, the conclusion remains the same. Along this line, McKeon & Morrison (2007) considered the scale separation necessary for the simultaneous appearance of a logarithmic layer in physical space and an inertial subrange in spectral space, indicative of a fully developed spectrum at small scales, or a decoupling of viscous and energetic scales. For this, they concluded that Re τ > 5,000 is required.
Another criterion for sufficiently high Reynolds number is found by considering the full u spectrogram across the boundary layer, as done by Hutchins & Marusic (2007a,b) . Figure 3 shows two such plots at Re τ = 1,010 and 7,300. Here, Taylor's hypothesis is used so that λ x = 2π/k x = 2πU / f (see the sidebar Taylor's Hypothesis). This representation clearly shows the evolution of two distinct (inner and outer) energy peaks in the premultiplied streamwise velocity spectra. Whereas the inner peak at (y + = 15; λ + x = 1,000) is evident at both Reynolds numbers, the outer peak is barely distinguishable at the lower Reynolds number. This spectral peak separation starts to appear for Re τ approximately greater than 1,700, but Hutchins & Marusic (2007b) proposed that Re τ > 4,000 is required to ensure a sufficient scale separation indicative of high-Reynolds number turbulence. This estimate is similar to that given by McKeon & Morrison (2007) , and it is interesting that these arguments, addressing opposite ends of the scale range, yield a similar
TAYLOR'S HYPOTHESIS
Taylor's frozen flow hypothesis allows temporal fluctuations to be interpreted as spatial fluctuations and establishes a duality between the frequency f and wave number k. In essence, this requires that the turbulence is frozen or evolves on a timescale much larger than the advective one, such that the conversion from space to time can be made by using the local mean velocity as the convection velocity. The applicability of this hypothesis to wall-bounded flows is comprehensively discussed by delÁlamo & Jiménez (2009) and Moin (2009) . estimate for a high Reynolds number. This similarity is supported by the observation that η + effectively scales universally as a function of y + in the inner region across a wide range of Reynolds numbers (Carlier & Stanislas 2005 , Stanislas et al. 2008 , Yakhot et al. 2010 ).
MEAN FLOW
As indicated above, the work of Barenblatt et al. (1997) stimulated a great deal of new work, especially with regard to the mean flow behavior. The Princeton Superpipe measurements (Zagarola & Smits 1998 ) came under particular scrutiny, but a large number of new experiments in fully developed channel flows (Liu et al. 2001; Zanoun et al. 2003 Zanoun et al. , 2009 Monty et al. 2007) and turbulent boundary layers (George & Castillo 1997 ,Österlund et al. 2000 , Castillo & Johansson 2002 , Chauhan & Nagib 2006 , Nickels et al. 2007 were completed, over a reasonably large range of Reynolds numbers. To examine the very high-Reynolds number range, researchers also extensively investigated the neutral ABL, but the data are generally more useful for studies of turbulence rather than its mean velocity profile, with perhaps one exception (Andreas et al. 2006) .
Several principal conclusions can now be made. First, the studies by George & Castillo (1997 ), Castillo & Johansson (2002 , and George (2008) have highlighted the importance of the initial conditions on the development of turbulent boundary layers. Second, as discussed in Section 2, the viscous influence on the mean velocity profile extends considerably further from the wall than previously understood, and the lowest Reynolds number at which a logarithmic region is unambiguously present will depend on the flow, with substantial differences found between pipe flows and boundary layers. Third, there is now considerable evidence that the constants in the log law depend on the flow, so that the von Kármán constant for pipe flow, where McKeon et al. (2004) found κ = 0.421, is different from boundary-layer and channel flows, where , Zanoun et al. (2003) , and Monty (2005) found 0.384 < κ < 0.389. Interestingly, the latter values agree well with the extensive data set obtained by Andreas et al. (2006) in the ABL over rough surfaces. These issues are discussed more fully by Marusic et al. (2010c) , but it is clear that the classical view in which κ was thought to be a universal constant has been brought into question (see the sidebar Log-Law Constants).
LOG-LAW CONSTANTS
The accuracy of determining the constants in the log law depends on the Reynolds number, as at higher Reynolds number the region of logarithmic variation is larger, and on the accuracy to which we can measure the wall friction. For pipe and high-aspect-ratio channel flows, the wall friction can be determined with high accuracy from the pressure drop (typically <1% in u τ ), but in boundary layers indirect methods need to be used, and consequently the accuracy of the wall friction measurements is generally not as good.
The choice of constants does not have a great impact on the shape of the profile, but the actual values sometimes make an appearance in turbulence models, for example, as in the model proposed by Spalart & Allmaras (1992) , as well as in wall functions for Reynolds-averaged NavierStokes and large-eddy simulation methods, and therefore can have an important impact on, say, the prediction of vehicle drag [a difference of 6% in κ can change the predicted skin friction coefficient by up to 2% at a length Reynolds number of 100 × 10 6 , corresponding to that seen by a Boeing 747 fuselage in cruise (P.R. Spalart, private communication)].
In this respect, the computations of channel flows reported by Moser et al. (1999 ), delÁlamo & Jiménez (2003 , Abe et al. (2004), Hu et al. (2006) , and Hoyas & Jiménez (2006) are not at a sufficiently high Reynolds number to make a supporting contribution. Jiménez & Moser (2007) have speculated that increasing the Reynolds number from the current maximum of 2,003 (Hoyas & Jiménez 2006 ) to 4,000 will allow a more definitive conclusion on the mean velocity scaling in the overlap region for high-Reynolds number channel flows. The corresponding bulk flow Reynolds number Re D is approximately 200 × 10 3 , which agrees reasonably well with the value suggested by McKeon & Morrison (2007) for the transition to high-Reynolds number behavior in pipe flow, and the end of Blasius scaling for the friction factor in pipes and channels, which occurs at approximately 100 × 10 3 (McKeon et al. 2005 , Yakhot et al. 2010 ). We will undoubtedly see the completion of such a massive computation in the not too distant future.
On the analytical side, a number of influential scaling arguments have been advanced, principally by Barenblatt et al. (1997) , George & Castillo (1997) , Wosnik et al. (2000) , Monkewitz et al. (2007) , Nagib et al. (2007) , and Jones et al. (2008) , with regard to the log-law/power-law debate (Marusic et al. 2010c ). In addition to this, several extensions to the classical approach have been proposed, one notably by Wei et al. (2005) , who argued, using the mean momentum equation, that the classical inner and outer layers need to be supplemented by intermediate layers. Such intermediate meso layers have been previously proposed (Sreenivasan 1989 ) and relate to the location of maximum Reynolds stress y
τ . According to Klewicki et al. (2009) , this results in the mean velocity profile approaching asymptotic logarithmic behavior only beyond y + approximately greater than Re τ 1/2 . Here, κ is seen as the output of a boundary value problem, and because different flows have different boundary conditions, it is expected that κ would be different for different flows, as seen in recent experiments. Other extensions of the classic theory based on near asymptotics (Wosnik et al. 2000) and symmetry group methods (Oberlack 2001 , Lindgren et al. 2004 ) result in a log law with a shifted origin, which is found to extend the fit to mean velocity data nearer to the wall (see also McKeon et al. 2005 , Klewicki et al. 2009 ).
Resolving these issues will remain a challenge because of the slow trend toward asymptoticlike conditions, and a theoretical framework would seem essential. One promising framework is that of matched asymptotic expansions, as used by Monkewitz et al. (2008) in combination with composite profiles. The challenge here will be to develop a theoretical underpinning for the composite profiles that are used. Another approach is to consider more than just the mean 
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Figure 4
Mean velocity and streamwise turbulence intensity profiles for zero-pressure gradient boundary layers at Re τ = 2,800 (a) and 13,600 (b). Data taken from Hutchins et al. (2009) . The solid blue line is the diagnostic function (y + ∂U + /∂ y + ) evaluated using a differencing scheme with a Savitsky-Golay filter. The solid orange line is the attached-eddy formulation [Equation 1 with V(y + ) = 0] as given by Perry & Li (1990) . The location of the peak Reynolds shear stress is indicated by y
velocity data. The Townsend-Perry attached-eddy model framework predicts that u 2 (and w 2 ) will also approach a logarithmic profile in the same region where the mean velocity is expected to be logarithmic (Townsend 1976) , thus providing another diagnostic tool for quantifying this region (see Section 5). This is considered in Figure 4 in which data for boundary layers are shown for two Reynolds numbers: Re τ = 2,800 and Re τ = 13,600. The function y + ∂U + /∂ y + is a constant in the region of logarithmic velocity variation, and it is often used as a diagnostic tool. On the basis of this diagnostic, the log region is yet to begin at the lower Reynolds number, but it is well-established at the higher value. From the figure, it is clear that determining the extent of the logarithmic layer from U + alone is difficult because of the slow departure from any log law, and the sensitivity of the diagnostic function (y + ∂U + /∂ y + ) to small measurement inaccuracies. The deviation from the logarithmic behavior for u 2 in the near-wall region is more abrupt, thus making estimates for departures easier. Alternatively, measurements of u 2 are not as accurate as for U, and this needs to be taken into account. Such behavior is consistent with the recent work of Eyink (2008), who proposed a modified attached-eddy approach to account for near-wall viscous effects, involving an Re 1/2 τ dependence consistent with the location of the peak Reynolds shear stress. It is interesting that the attached-eddy formulation of Marusic & Kunkel (2003) also involves a Reynolds number-dependent near-wall viscous contribution. The results in Figure 4 do not resolve the issue of where the bounds of the logarithmic layer are, but this approach, which considers more than just the mean velocity, would seem valuable for future studies at higher Reynolds numbers.
ORGANIZED MOTIONS
In the current view of turbulent structure, we identify four principal characteristic elements. The first two, near-wall streaks with a typical spanwise spacing of approximately 100ν/u τ (Kline et al. 1967 ) and hairpin or horseshoe vortices with a range of scales starting with a minimum height of 100ν/u τ (Theodorsen 1952 ), have been recognized for a long time (see the sidebar Hairpin Vortices). More recently, visualizations, numerical studies, and experiments on wall flows have revealed the existence of two new elements, the so-called large-scale motions (LSMs) and VLSMs. Theodorsen (1952) was the first to recognize the presence of loop-like vortical structures that originated at the wall and covered a range of scales. Although he proposed these horseshoe vortices to be the primary element of all turbulent shear flows, their importance and even their presence have long been debated (see, for example, Cantwell 1981). Head & Bandyopadhyay (1981) provided strong experimental evidence for their ubiquitous nature, but it was not until recently that computations by Wu & Moin (2009) corroborated their unambiguous and densely populated presence in boundary layers.
HAIRPIN VORTICES
LSMs are believed to be created by the vortex packets formed when multiple hairpin structures travel at the same convective velocity (Kim & Adrian 1999 , Zhou et al. 1999 , Guala et al. 2006 , Balakumar & Adrian 2007 . They are related to the features seen by Head & Bandyopadhyay (1981) Monty et al. 2007 ). In internal flows, the motions are typically referred to as VLSMs, whereas in external flows they are more commonly referred to as superstructures. Both VLSMs and superstructures appear to scale on outer variables, and although the spanwise/azimuthal meandering of these regions makes it difficult to determine their typical streamwise extent, hot-wire rake measurements in channels and pipes (Monty et al. 2007 ) have found instances of VLSM in internal flows as long as 30 times the channel half-height or pipe radius, whereas similar experiments in boundary layers (Hutchins & Marusic 2007b) show instances of superstructures with lengths up to 10-15 times the boundary-layer thickness. These lengths are typically shorter when inferred from single-point frequency spectra (∼10-20R for pipes and ∼6δ for boundary layers). In addition, Monty et al. (2009) Spectral analysis of VLSM and LSM indicates that they make a significant contribution to the turbulent kinetic energy and Reynolds stress production (Guala et al. 2006 , Balakumar & Adrian 2007 , which distinguishes them from the inactive motions proposed by Townsend (1976) . For example, Balakumar & Adrian (2007) found that 40%-65% of the kinetic energy and 30%-50% of the Reynolds shear stress are accounted for in the long modes with streamwise wavelengths λ x /δ > 3. Similar estimates for the contribution to the Reynolds shear stress from vortex packet structures were made by Ganapathisubramani et al. (2003) , who used a feature-detection algorithm on stereoscopic particle image velocimetry (PIV) data in streamwise-spanwise planes in the log layer. Careful analysis of DNS data has also revealed the footprint of the outer-scaled motions within the inner-scaled inner layer (Abe et al. 2004 , Hoyas & Jiménez 2006 , Hutchins & Marusic 2007a , and Mathis et al. (2009a) found modulation of the near-wall cycle by long-wavelength motions further from the wall, which is supported by the correlations measured by Tutkun et al. (2009) and the recent simulation results by Schlatter et al. (2009) . These results suggest that motions in the logarithmic and outer layer may have a strong influence on the behavior of the near-wall turbulence.
The origin of the VLSMs and superstructures is not clear. Kim & Adrian (1999) proposed that the VLSMs are caused by pseudostreamwise alignment of the LSMs, whereas delÁlamo & Jiménez (2006) suggested they could be formed by linear or nonlinear processes. Numerical experiments by Flores & Jiménez (2006) and Flores et al. (2007) in which the viscous wall was artificially removed, but the outer-flow structure remained essentially unchanged, suggest that the outer-layer dynamics are independent of the small near-wall structure. The measurements by Bailey & Smits (2010) in a pipe flow found that the VLSM peak in the autospectra is connected to structures with a large azimuthal scale, of approximately one-third of the circumference of the pipe. These structures also have large radial scales, which result in a strong correlation with motions near the wall, supporting the hypothesis that these structures are associated with the modulation of the near-wall flow observed by Hutchins & Marusic (2007b) and Mathis et al. (2009a,b) .
The measurements by Bailey & Smits (2010) also suggest that in the outer layer (beyond the log region) the hairpin packets comprise detached eddies, which have little correlation with the flow near the wall and which occur across a wide range of azimuthal scales. Within the logarithmic region, it appears more likely that the hairpin packets are attached to the wall, and it is likely that it is these motions that modulate the near-wall cycle, as suggested by Mathis et al. (2009a) . That is, we have two classes of LSM: near-wall attached LSMs and outer-layer detached LSMs. The similarity between the azimuthal scale of the detached LSMs in the outer layer and the VLSMs within the overlap layer suggests that if the VLSMs are caused by the streamwise alignment of the LSMs, only the LSMs in the outer layer are aligning to create these motions. Moreover, the detached LSMs appear to occur further from the wall than do the VLSMs and hence would be above them. In contrast, near the wall, the LSMs are attached to the wall, move at a different convection velocity, and have much smaller transverse scales than the VLSMs, and they are unlikely to be involved in the formation of VLSMs.
BEHAVIOR OF THE TURBULENT FLUCTUATIONS
Recent work has shed much light on how turbulence scales with Reynolds number. One notable achievement is a comprehensive description of the behavior of the variance of the streamwise turbulence u 2 /u
+ in boundary layers, as illustrated in Figure 5 . The model proposed by Marusic & Kunkel (2003) builds on the attached-eddy model originally proposed for the logarithmic region of wall-bounded flows by Perry et al. (1986) . Scaling arguments were advanced for particular regions of the spectrum, where low-wave-number motions were assumed to scale on outer-layer variables (u τ and δ), intermediate wave numbers were assumed to be related to attached eddies so that they scaled inversely with the distance from the wall ( y −1 ), and high wave numbers were assumed to follow Kolmogorov scaling. Overlap arguments then defined (for the logarithmic part of the velocity profile) a region of k −1 x and k −5/3 x in the u spectrum. By integrating the spectrum, scaling laws were derived for smooth and rough walls (Perry & Li 1990) . That is, 
Figure 5
Streamwise turbulence intensity measurements in boundary layers. Filled symbols are atmospheric data, and open symbols are laboratory data. Solid, dashed, and dot-dashed lines are smooth-wall similarity formulations by Marusic & Kunkel (2003) that are also valid for rough walls in the outer region. Figure taken from Kunkel & Marusic (2006) . Reprinted with permission from CUP.
where B 1 and A 1 are empirically derived constants (equal to 2.39 and 1.03, respectively), and the function V( y + ) accounts for the integrated viscous contribution. By using largely empirical input, the model was later extended to cover the complete outer layer (Marusic et al. 1997) , as well as the near-wall region (Marusic & Kunkel 2003) . The success of this hybrid model is clear from the results shown in Figure 5 .
The model also considered the behavior of v and w. According to Townsend (1976) , the w component is expected to scale like u, in that the attached eddies will give rise to swirling motions in planes parallel to the wall that contribute to the turbulent kinetic energy but not the shear stress. The contribution to the shear stress is determined by v, which has a maximum near the heads of the attached eddies and is not expected to have a significant contribution from the large, outer-scaled motions. Hence, the v spectra will show a scaling with k −5/3 x but not with k −1
x . This is consistent with the v spectra in the log region scaling with only y and u τ for all but the highest wave numbers, and this is strongly supported by the results shown in Figure 6 , for data spanning a large range of Reynolds numbers.
Experimental data on v and w statistics at high Reynolds numbers are quite sparse, particularly in the near-wall region, primarily due to measurement difficulties in this region. Recent surveys of the available data by Jiménez & Hoyas (2008) Hoyas & Jiménez (2006) , provide support for the Townsend attached-eddy hypothesis predictions for v and w, but also highlight the differences between boundary layers and pipes and channels.
For the streamwise component, one obvious feature shown in Figure 5 is the growth of the inner peak with Reynolds number, indicating a growing outer-layer influence on the near-wall motions. This growth assumes that the correct scaling is on u τ and highlights the underlying innerouter interactions (Hoyas & Jiménez 2006 , Hutchins & Marusic 2007a ). Alternative scalings have been proposed to explain these trends, most notably by DeGraaff & Eaton (2000) , who proposed an empirical mixed scaling. However, Marusic & Kunkel (2003) showed that asymptotically a near-wall forcing based on the attached-eddy hypothesis leads to a form close to that of mixed scaling, and the success of the DeGraaff & Eaton (2000) Spectra of the wall-normal component in the logarithmic region with (a) outer-flow scaling and (b) inner-flow scaling. Green lines are laboratory hot-wire data for δ + ∝ 1 × 10 3 . Other lines are from near-neutral atmosphere boundary-layer hot-wire measurements. Blue lines are for δ + ∝ 3.8 × 10 6 ; orange lines are for δ + ∝ 2.3 × 10 6 at y/δ = 0.00087, 0.00305, 0.00522, and 0.01044, corresponding to y + = 2,000, 7,000, 12,000, and 24,000, respectively. Figure taken from Kunkel & Marusic (2006) . Reprinted with permission from CUP.
The inner-outer interaction was considered by Hutchins et al. (2009) and Marusic et al. (2010a) , who decomposed the velocity signatures across a boundary layer into small-scale (λ x < δ) and large-scale (λ x > δ) contributions using a simple cutoff spectral filter. Figure 7a indicates that the small-scale contribution is invariant with Reynolds number across most of the boundary layer, whereas the large-scale contribution clearly increases in magnitude at all wall-normal positions with increasing Reynolds number. The increasing influence due to the large-scale contributions in the near-wall region is noted. The result in Figure 7 indicates that the u 2 + profile can be considered as the sum of two competing modes: a small viscous-scaled contribution primarily located in the near-wall region and a larger outer-scaled contribution peaking in the log region.
A question remains as to whether the behavior observed in boundary layers also occurs in other wall-bounded flows. Recent measurements in pipe flow in fact do not show an increase in the inner-layer peak in u 2 + with Reynolds number (Hultmark et al. 2010) . This is part of the growing evidence demonstrating that pipe, channel, and boundary-layer flows behave differently in some substantial aspects. On the face of it, the invariance of the peak would indicate that there is no significant interaction between inner-and outer-layer motions in the near-wall region of a pipe. However, the underlying mechanisms may be more subtle. For example, the spectra for the pipe flow show a Reynolds number variation, whereas the variance (the integral of the spectra over all wave numbers) does not, so that the interactions among scales continue to evolve while the overall energy appears to be constrained by the fact that the flow is fully developed and there is no streamwise evolution of the global properties. Unfortunately, as Schlatter &Örlü (2010) demonstrated in a survey of seven investigations, DNS of boundary-layer flows for Re τ up to 1,300 show surprisingly significant differences in basic integral quantities such as the friction coefficient C f or the shape factor H, and in their predictions of mean and fluctuation profiles, and they cannot be used solely to support any particular conclusion with regard to the inner peak behavior. Scale decomposition of the streamwise turbulence intensity profile u 2 /u 2 τ : (a) for Re τ = 7,300, together with the total (summed) contribution, and (b) for Re τ = 3,900, 7,300, and 19,000. Figure taken from Marusic et al. (2010a) . Reprinted with permission from Elsevier.
One concept that continues to draw attention is the general notion of active and inactive motions. In Townsend's (1976) original proposal, the contribution of an attached eddy to the Reynolds shear stress is zero at the wall, reaches a maximum value near the eddy center, and then decreases further from the wall. Alternatively, its contribution to the intensities of components parallel to the wall remains finite at the wall (manifested as large-scale, swirling motions near the wall). The consequence is that superposition of the velocity fields of eddies with a wide range of scales, necessary to produce a uniform distribution of Reynolds stress, for example, will produce at the same time an inactive swirling motion near the wall with a magnitude that depends on the total thickness of the flow. This has been interpreted as a linear superposition, in that the inactive LSMs do not interact directly with the active Reynolds stress-bearing motions.
This description of the effects of attached eddies was later refined by Perry & Marusic (1995) with the introduction of type B (or wake) eddies in contrast to type A (or wall) eddies. The distinguishing feature of type B eddies is that they do not extend down toward the top of the viscous buffer zone, and whereas the type A eddies are responsible for a logarithmic velocity profile, the type B eddies are responsible for the wake region of the mean flow. [The attached and detached LSMs identified by Bailey & Smits (2010) may well be related to the type A and type B eddies.] Type B eddies do not produce an inactive component signature near the wall. However, the findings of Adrian et al. (2000) have shown that individual vortex structures are most often spatially aligned into streamwise packets, and these are more likely the representative attached-eddy structures (Marusic 2001 ) that lead to large-scale inactive signatures near the wall (while accounting for a significant proportion of Reynolds shear stress in the logarithmic region).
More recent studies have also shown that the large organized motions do more than just superimpose their signature on the near-wall region. For high-Reynolds number pipe flow, Morrison et al. (2004) , Zhao & Smits (2007) , and Morrison (2007) showed that the large eddies in the inner layer are not inactive, but rather they contribute to the energy production there, supporting Hunt & Morrison's (2001) suggestion, deduced from observations in the atmospheric surface layer, that at high Reynolds numbers, a top-down influence is dynamically significant, in addition to a bottom-up one that is likely to be more prevalent at low Reynolds numbers. Morrison et al. (2004) suggested that the large-scale contribution in the inner layer increases both as the Reynolds number increases and as distance from the wall decreases. Hutchins & Marusic (2007b) 
TURBULENCE SPECTRUM
The full spectrum in wall turbulence is often divided into a number of ranges, including the low-wave-number energy-containing range in which the motions scale on the outer-layer variables such as δ, the intermediate range in which the motions scale on the distance from the wall (the attached eddies), and the high-wave-number dissipation range in which the motions are comparable in size to the viscous or Kolmogorov length scale (see Perry et al. 1986 ). The subrange of wave numbers that overlaps the energy-containing and attached-eddy regions is expected to scale with k −1
x , whereas the subrange that overlaps the attached eddy and dissipation regions is expected to scale with k −5/3 x . In a log-log representation the slope of the spectrum is either −1 or −5/3. The k −5/3 x subrange is where the energy is transferred by inertial mechanisms from low to high wave numbers and is known as the inertial subrange.
the LSMs also modulate the near-wall processes, and this nonlinear interaction was quantified by Mathis et al. (2009a) using analysis tools based on Hilbert transforms and modeled mathematically as a predictive tool by Marusic et al. (2010b) . The recent study by Schlatter et al. (2009) also shows evidence of this modulation process in DNS data.
The behavior of the spectra has also come under increased scrutiny. The scaling of turbulence logically proceeds from the spectral behavior, as typified by Perry & Chong's (1982) model, which in turn relies on the presence of robust scaling behaviors of the wave-number content, particularly the presence of k x region is only evident at very high Reynolds numbers over a very limited spatial extent (Nickels et al. 2005) . Second, the interactions between inner-and outer-layer motions have become much clearer in recent years, and the simple division between inner-and outer-layer scaling that leads to the k −1
x region fails to capture those interactions. Specifically, the region where we might expect k −1
x scaling corresponds to the wave numbers occupied by the LSMs, and experiments have clearly shown that although the LSMs appear to behave as attached motions, they do not scale simply as y −1 . Third, the importance of the VLSMs was not appreciated until recently. For example, low-wave-number VLSMs contribute about half of the total energy content of the streamwise turbulence component (Balakumar & Adrian 2007) . Fourth, it has become clear that the relative importance of LSMs, VLSMs, and superstructures depends on the nature of the flow: They behave differently in pipes, channels, and boundary layers (Monty et al. 2007 , Bailey et al. 2008 , something that is not captured in the attached-eddy model.
The issue of whether the superstructures found in boundary layers by Hutchins & Marusic (2007a) are the same as the VLSMs found in pipes by Kim & Adrian (1999) was investigated by Monty et al. (2009) , who made detailed comparisons of the spectra in a pipe, channel, and zero-pressure gradient boundary layer with matched Reynolds number and measurement probe resolution. They concluded that, whereas the large-scale phenomena are qualitatively similar among the flows, the largest energetic scales in pipe and channels are distinctly different from those found in a boundary layer. They found that the contributions to the energy in internal flows continue to move to longer wavelengths with distance from the wall, whereas the opposite occurs in boundary layers, in which outer-flow structures shorten rapidly beyond the log region. Monty et al. (2009) noted that for y/δ < 0.5 the different energy distributions in pipes and channels and zero-pressure gradient boundary layers occur in regions where the streamwise turbulence intensity is equal and from this concluded that all three flows might be of a similar type structure, with energy simply redistributed from shorter to longer scales for the pipe and channel flow cases. Whether the quantitative differences result from the interaction of the opposite wall in internal flows or the intermittency of the outer region in boundary layers remains uncertain. One possible explanation put forward by Marusic & Adrian (2010) is that both superstructures in boundary layers and VLSMs in internal flows could be produced by concatenations of packets/LSMs but that this organization is distinctly different between the two types of flows. They noted that this may result from differences in the lateral organization or, in boundary layers, the interruption of wall-normal extent due to the entrained irrotational free-stream flow, which will limit the extent in the streamwise direction-akin to crystal growth limitations in materials due to grain boundaries.
The discussion of organized motions and eddy structure reaching far from the wall raises obvious and important questions concerning the appropriate convective velocity and coherence length. Renewed attention has been paid to the former issue in recent years, as direct comparisons between the spatial information generally obtained from simulation and temporal information from, for example, hot-wire experiments, converted to the spatial domain by the assumption of a suitable convective velocity distribution, have become possible. Mostly because of the lack of detailed information on more accurate expressions, the default assumption has been to use Taylor's (1938) hypothesis to convert between the domains. In practice, the energy associated with a particular scale is usually not localized in frequency and wave number, and correct conversion using Taylor's hypothesis requires identical distributions of energy in ω about a fixed k x , and vice versa.
That this approximation fails, particularly at large scales and near the wall, has been known for some time (Wills 1964 , Zaman & Hussain 1981 . As the structure of higher-Reynolds number wall turbulence has been explored in more recent work, the details of the exact scale-dependent distribution of convective velocities have become more important. For example, the measurements of Metzger et al. (2007) in the atmospheric surface layer reveal temporal coherence at low frequencies over the first five meters, or y + ∼ 10 4 , which corresponds approximately to the upper edge of the log layer. In the range O(10) < y + < O(10 4 ), the mean velocity increases by an order of magnitude, such that the same frequency may be identified as a superstructure far from the wall and something smaller than an LSM close to the wall.
The difficulties of obtaining simultaneous spatial and temporal information, particularly for higher Reynolds numbers, have meant that most studies of the convection velocity have been limited to low Reynolds number. Dennis & Nickels (2008) used time-resolved PIV in a turbulent boundary layer with Re θ = 4,685 to investigate the spatiotemporal (k x − ω) spectrum in a plane parallel to the wall at the outer edge of the log region. Their findings confirmed that the local mean velocity is a suitable velocity for conversion between the temporal and spatial domains at this location for all but the longest scales that could be resolved in their field of view, namely 6δ.
Closer to the wall, the differences between the temporal experimental streamwise spectra converted using Taylor's hypothesis and actual spatial spectra from the channel flow simulation by delÁlamo et al. (2004) led Monty & Chong (2009) to propose a formulation for a wavelengthdependent convection velocity. This concept was extended by delÁlamo & Jiménez (2009), whose formulation requires only local derivatives of the Fourier coefficients in time or space to obtain a distribution of convection velocities in (k x , k z , ω) space (see also the commentary by Moin 2009). This is one of the few studies that address the appropriate convection velocity of all three velocity components, and the authors found them to be quite similar. A particularly notable observation is that above the logarithmic region, the large-scale contribution to the wall-parallel components convects with the local mean velocity, whereas the convection velocity of the contribution to the wall-normal component that has long spatial/temporal coherence corresponds to a point closer to the wall.
Another important conclusion arising from this study relates to the apparent stifling of any k −1
x region in the streamwise velocity spectrum by the increasing size of the range covered by the VLSMs in the frequency spectra as the Reynolds number increases. DelÁlamo & Jiménez show that the error associated with the use of Taylor's hypothesis at the large scales serves to push energy to the larger scales, leading to an erroneously large-energy amplitude at VLSM scales. It is worth noting, however, that Taylor's hypothesis must hold for the VLSMs somewhere in the wall-normal direction, where the convective velocity equals the local mean (which likely occurs in the log region, in the vicinity of the VLSM peak energy). Thus the full impact of the erroneous use of Taylor's hypothesis depends on the Reynolds number dependence of the location of this point and the true VLSM amplitude. McKeon (2008) and Mathis et al. (2009a) have shown that the location of this point moves closer to the wall with increasing Reynolds number, with the consequence that further investigation requires a focus on the very region of a high-Reynolds number flow that is most difficult to interrogate: an increasingly small near-wall region where spatial resolution issues become most insidious.
It should be noted that these approaches address the conversion between one-dimensional spatial and temporal spectra, or the convection velocity associated with the energy-weighted spectrum. Perhaps future studies will allow for a range of convection velocities at particular (k x , k z ) scales.
DISCUSSION
The above sections clearly show that earlier modeling efforts did not account for the increasing energetic dominance and dynamic significance of the VLSMs with increasing Reynolds number. The relative magnitudes of u and v associated with very large scales are such that, although v is small, the motions are clearly active in the sense of contributing to the Reynolds stress spectrum. There clearly also is a particular nonlinear interaction between the VLSMs and the smaller scales near the wall, which can be viewed either as an amplitude modulation effect or a preferred spatial phase relationship between the two, and it seems to provide an explanation for changing the sign of skewness in u beyond the buffer region as the Reynolds number increases (Marusic et al. 2010b; Metzger & Klewicki 2001) .
Conditional averaging techniques reveal that the signature of the very large scales takes a form resembling large streamwise roll cells, in agreement with the predictions of the most amplified structures from various linear theories (delÁlamo & Jiménez 2006 , McKeon & Sharma 2010 . Although the origin of these very large scales has not been conclusively determined, they appear to be flow specific, as best exemplified by the direct comparison between streamwise spectra in pipes, channels, and boundary layers in Monty et al. (2009) . A possible explanation for the origin of the very large scales has been given within the critical layer/forced system response framework of McKeon & Sharma (2010) .
A question remains regarding the impact of the VLSMs and LSMs on the variation of the turbulence intensities, specifically u 2 . Although an increasing dominance of very large scales with a footprint at the wall would suggest that the near-wall peak value must increase with increasing Reynolds number, there appears to be contradictory evidence on this issue from different types of flow, as identified above. It is clear, however, that resolving this issue will require supplementary attention to experimental techniques, as ongoing work reports a surprising sensitivity of hot-wire results to both calibration and wire length , Hultmark et al. 2010 , Marusic et al. 2010c ). In the outer region, the collapse of the turbulent intensities normalized with the friction velocity shows a clear improvement with increasing Reynolds number, consistent with broader arguments about the nature of high-Reynolds number flows (McKeon & Morrison 2007 , Yakhot et al. 2010 ).
These differences between low-and high-Reynolds number flows not withstanding, several important phenomena remain unchanged. Although the exact details of the mean velocity profile remain in question, the classical structure of inner-and outer-layer overlap clearly is a robust first-order representation for pipes, channels, and boundary layers for all but the lowest Reynolds numbers. There is no conflict concerning the value of the von Kármán coefficient to the first decimal place at least! However, as technological advances have simultaneously extended the available Reynolds number range and reduced experimental error, some subtleties of the mean velocity scaling have emerged, along with the realization that we are still limited by the accuracy of the skin-friction measurement in turbulent boundary layers.
The turbulence structure near the wall, a principal part of modeling and control approaches, also appears to be a robust feature of turbulent flows. Results on the near-wall streak spacing, for example, have emphasized that this structure remains remarkably constant over a wide range of Reynolds numbers (Klewicki et al. 1995) . In addition, inclined shear layers and associated correlation functions are observed at high Reynolds numbers that appear to be quite similar to those observed at lower Reynolds numbers (Hommema & Adrian 2003 , Guala et al. 2006 , Morris et al. 2007 , Marusic & Hutchins 2008 , and typical structure angles inferred from spatial correlations seem to be Reynolds number independent (Marusic & Heuer 2007) . These results, together with predictions of the turbulence intensity variations, underscore the continued utility of attached-eddy concepts, as modified to include larger scales by Marusic (2001) .
An overarching conclusion of this review is that the approach to an asymptotically highReynolds number state is slow, almost regardless of the diagnostic measure utilized. Hence there is a continued need for high-Reynolds number investigations. The challenge is to generate a large-scale separation while fully resolving all scales in space and time. One approach is to work with a facility for which the outer length scale is large. Experiments in the near-neutral atmospheric surface layer have been particularly useful in this regard, providing crucial evidence on Reynolds number trends (see, for example, Metzger & Klewicki 2001 , Folz & Wallace 2009 . These experiments are difficult, and it can be challenging to obtain accurate measurements, particularly with respect to a lack of control over the initial and boundary conditions. With these limitations in mind, the apparent robustness of the inferred trends to roughness, thermal, origin, and convergence effects, for example, is quite remarkable. In addition there are several larger laboratory-based facilities that will extend the flow regimes available to laboratory investigation, including the CICLOPE pipe (Talamelli et al. 2009 ) and the large wind tunnel under construction at the University of New Hampshire ( J.C. Klewicki, private communication) .
A second approach is to work with a facility for which the kinematic viscosity is small, such as in the Princeton Superpipe or the high-Reynolds number pressurized SF 6 wind tunnel under construction at the Max Planck Institute for Dynamics and Self-Organization (E. Bodenschatz, private communication). Measurement at increasingly small scales has been enabled by advances in micro-and nanofabrication techniques, from commercially available small hot-wire probes to the NanoScale Thermal Anemometry Probe developed at Princeton (Bailey et al. 2010) . We note, however, that just as the spatial averaging implicit in near-wall Pitot probe measurements requires careful correction techniques, the accuracy of hot wires for predictive measurement in the nearwall region remains at the heart of several scaling questions, and therefore it is the subject of much current work (Marusic et al. 2010c) .
Perhaps then future research will require hybrid techniques to ensure resolution of all scales [e.g., the combination of sonic anemometry and hot wires used by Kunkel & Marusic (2006) and Metzger et al. (2007) , among others] and simultaneous spatial and temporal acquisition to address convection velocity concerns [e.g., the time-resolved PIV studies of Dennis & Nickels (2008) ]. The numerical outlook suggests that even with the current rates of improvement of computing power, it will be a number of years before DNS can resolve a decade of self-similar scaling. However, the similarity of the small-scale near-wall structure and the increasing importance of the large 
